Pseudomonas putida KT2440 uses proline as the sole C and N source. Utilization of this amino acid involves its uptake, which is mediated by the PutP protein, and its conversion into glutamate, mediated by the PutA protein. Sequence analysis revealed that the putA and putP genes are transcribed divergently. Expression from the putP and putA genes was analyzed at the mRNA level in different host backgrounds in the absence and presence of proline. Expression from the put promoters was induced by proline. The transcription initiation points of the putP and putA genes were precisely mapped via primer extension, and sequence analysis of the upstream DNA region showed well-separated promoters for these two genes. The PutA protein acts as a repressor of put gene expression in P. putida because expression from the put promoters is constitutive in a host background with a knockout putA gene. This regulatory activity is independent of the catabolic activity of PutA, because we show that a point mutation (Glu8963Lys) that prevents catalytic activity allowed the protein to retain its regulatory activity. Expression from the put promoters in the presence of proline in a putA-proficient background requires a positive regulatory protein, still unidentified, whose expression seems to be 54 dependent because the put genes were not expressed in a 54 -deficient background. Expression of the putA and putP genes was equally high in the presence of proline in 38 -and ihf-deficient P. putida backgrounds.
Pseudomonas putida mt-2 is a saprophytic soil bacterium able to use m-methylbenzoate as the sole C source (34) . This strain and its DNA restriction-deficient mutant called KT2440 have been shown to be aggressive root colonizers and are considered rhizosphere microorganisms (23) .
Recent studies have focused on the possible role of amino acids as alternative carbon substrates that can support the growth of microorganisms in the rhizosphere of plants (9, 15, 29, 35) . All of the 20 amino acids present in the proteins can be detected in plant exudates. Our group and others have shown that proline is one of the most abundant amino acids in corn root exudates (31, 32) ; therefore, this amino acid could be an important energy source for bacteria during the first stages of colonization of plant roots.
We have found that P. putida KT2440 can use proline as the sole C and N source, and we have recently cloned the genes of P. putida involved in proline utilization (named put for proline utilization) (32) . In enteric bacteria and P. putida (2, 17, 19, 32) , two genes were found to be essential for proline metabolism: the putP gene, whose gene product is involved in the uptake of proline to the cytoplasm of the cell, and the putA gene product, a multifunctional protein that not only catalyzes the formation of glutamate from proline via pyrroline-5Ј-carboxylic acid but is also involved in control of expression of the put genes (24) (25) (26) (27) . The putA gene has also been identified in Rhodobacter and Agrobacterium species and members of the family Rhizobiaceae (8, 11, 12, 14) .
Using the transcriptional fusions of the putA and putP promoters to ЈlacZ, it was shown that the putA and putP genes are regulated at the transcriptional level in P. putida, with proline acting as an inducer, since ␤-galactosidase levels from the putA and putP gene promoters increased by about 20-and 4-fold, respectively, in liquid culture medium in the presence of proline (32) . However, the promoter regions of these genes and their pattern of expression are unknown. Using the put promoter fusions to ЈlacZ, it was shown that in a putA mutant background, high levels of expression from these genes occurred, suggesting that the P. putida PutA protein acts as a repressor of putA and putP gene expression, as also described for enteric bacteria (27) and Rhodobacter capsulatus (14) . In enteric bacteria, in addition to the putA gene, two other host factors, integration host factor (IHF) and 54 , are involved in control of expression of the put genes (4, 26, 27) . rpoN and ihfA mutants of P. putida KT2440 deficient in the synthesis of 54 and IHF, respectively, are available; however, the patterns of expression of the put genes in these backgrounds are unknown.
In this study we analyzed expression from the put promoters at the mRNA level in different P. putida backgrounds in the absence and presence of proline, and we describe a plausible model for the control of expression of the proline utilization genes in P. putida. We also report that the regulatory activity of the P. putida PutA protein is independent of the catabolic activities of this multifunctional protein.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The P. putida strains used in this study are shown in Table 1 . P. putida KT2440-Pro21 is a spontaneous mutant unable to use proline as the sole C and N source. It has a point mutation that causes Glu-896 to be replaced by Lys in the translated protein (our unpublished results).
Bacterial cells were usually grown on M9 minimal medium with succinate (20 mM) and/or proline (20 mM) as the sole C source (1) . When proline (20 mM) was used as the sole C and N source, M9 depleted of ammonium, called M8, was used. When necessary, kanamycin and rifampin were added to final concentrations of 25 and 10 g/ml, respectively.
Nucleic acid techniques. The 5Ј mRNA start of the transcript that originated from the put promoter was determined by the method of Marqués et al. (22) . The primer used to analyze expression from putA was 5Ј-CACCACTTCCTGCTCG GGGCGG-3Ј, and the primer used to determine putP expression was 5Ј-GGC GATCCAGGCCTCGGACAGGCCCG-3Ј. These oligonucleotides were 5Ј end labeled with [␥-32 P]ATP and polynucleotide kinase, and about 10 5 cpm of the labeled primers was annealed to 20 to 30 g of total RNA prepared from the different P. putida strains grown under different conditions. cDNA was synthesized by using avian myeloblastosis virus reverse transcriptase as previously described (22) . The products of reverse transcription were analyzed in ureapolyacrylamide sequencing gels. Gels were exposed, during the time required, to Amersham RPN-8 films for autoradiography.
Nucleotide sequence accession number. The DNA sequence of the intergenic region between the putA and putP genes can be retrieved from GenBank under accession number AF153207.
RESULTS AND DISCUSSION
We have found that as in members of the family Enterobacteriaceae, in P. putida the put genes are transcribed divergently, and we have located the intergenic region at about 400 bp ( Fig.  1) . Therefore, this region should contain all the elements necessary to control expression from the putA and putP genes. To study the transcription of the put genes, we have grown P. putida cells on M9 minimal medium with proline as the sole C source (ammonium as the N source) or N source (succinic acid as the C source) or with proline as the sole C and N source (1) . As a control, we have grown P. putida cells on M9 minimal medium with ammonium as the N source and succinate as the sole C source. mRNA from cells growing exponentially with these nutrients was isolated, and both the presence and amount of the put mRNAs were analyzed by primer extension. The results obtained are shown in Fig. 2 . It was found that expression of the put genes was induced because no mRNAs were detected in cells grown on M9 minimal medium with succinate, whereas in the presence of proline, regardless of its utilization as C, N, or C and N source, both genes were expressed. In addition, the absolute expression levels were similar in the proline concentration range of 200 M to 20 mM.
In six independent assays, the level of cDNA resulting from extension with the putA primer was found to be 3.2-to 5.7-fold higher than the levels obtained for the putP promoter, which suggests that the putA promoter is stronger than the putP promoter. This induction ratio was independent of the concentration of proline used for induction within the range between 200 M and 20 mM. In addition, it should be mentioned that glutamate, the first stable metabolite of proline metabolism, is neither an inducer of the put genes nor a repressor in cultures growing with proline and glutamate (not shown). This contrasts with the complex control of proline utilization in higher microorganisms such as Aspergillus nidulans (9) .
The primer extension analysis shown in Fig. 2 allowed us to determine the main transcription start site corresponding to nucleotide 140 for putA and to nucleotide 400 for the putP genes (Fig. 1) . Analysis of the DNA sequence of the region upstream from the start of each transcript was carried out. In both cases, sequences that resembled those recognized by RNA polymerase with 70 were found (Fig. 1) . P. putida PutA protein is involved in putA and putP gene expression, and its regulatory role is independent of its catalytic activity. In Escherichia coli and Salmonella enterica serovar Typhimurium, it has been suggested that not only does the putA gene product have two enzymatic activities but that it also FIG. 1. DNA sequence of the intergenic region between the putA and putP genes. The ATG start codon of the genes is boxed; the transcription initiation point of each gene is marked by an asterisk, and the Ϫ10 and Ϫ35 regions of each promoter are underlined. regulates expression of the put promoters (27) . Its role has been suggested to be that of a repressor protein that binds to the put region, hindering the access of the RNA polymerase (27) . We previously generated a P. putida putA null mutant carrying the insertion of a mini-Tn5 at the 5Ј end of the putA gene (32) . We tested the expression from the putA and putP promoters in this isogenic PutA-deficient background. We found that transcription from the putA and putP promoters was constitutive (Fig. 3) . Since the mini-Tn5 insertion can exert polar effects on downstream genes, we cannot exclude the possibility that the constitutivity of put genes in this background is the result of the lack of a yet unidentified regulator located downstream of putA. To this end, we analyzed in detail the 3Ј region of putA. A hairpin (5Ј-AAGGAGAGCCTCGG CTCTCCTT-3Ј) that could destabilize RNA polymerase was found 22 bp downstream from the stop codon. In addition, no open reading frames were found within the contiguous 600 bp. This strongly suggests that PutA is involved as a repressor of expression of the put promoters in P. putida. P. putida KT2442-Pro21 is a mutant unable to use proline as the sole C or N source. We have identified that in this mutant the PutA protein lacks the ability to mediate proline-to-glutamate conversion due to a single point mutation that resulted in the single amino acid change Glu8963Lys (S. Vílchez, unpublished results). We have analyzed the pattern of expression from the put promoters in cells growing with succinate and ammonium in the absence and presence of proline. The results obtained are shown in Fig. 3 , where it can be observed that expression from the put promoters followed the same pattern as in the wild-type strain. This indicates that the regulatory role of PutA is independent of its catabolic activities and makes PutA a peculiar protein in the sense that this 1,315-amino-acid protein has two catabolic activities and a gene regulatory function.
Involvement of different sigma factors in the control of expression of the put genes. Since the analysis of the upstream sequences of the put promoters revealed Ϫ10 and Ϫ35 regions similar to those recognized by 70 and because some promoters can be transcribed in vivo by 70 or 38 according to the growth phase (13, 30) , we tested expression from the put promoters in cells in the early stationary phase for both the wild type and the isogenic 38 mutant (25) . Proline (2 mM) was added to cells in the stationary phase, mRNA was isolated 30 min later, and the level of expression from the putA and putP promoters was analyzed. It was found that expression from these promoters was similar in both backgrounds (Fig. 4) .
In enterobacteria, several proteins have been proposed to be involved in transcription from the put promoters: Nac, 54 , and IHF (18, 27) . We had previously generated P. putida knockout mutations in the rpoN gene encoding 54 (14) and in the ihfA gene (20) . To date, the nac gene has not been identified in pseudomonads. In the IHF-and RpoN-deficient isogenic backgrounds, we assayed the expression from the put promoters in cells growing in the presence of 2 mM proline, and we compared the results with those obtained for the wild-type cells growing under similar conditions. Culture samples were taken for mRNA analysis after 120 min of incubation. The results obtained are shown in Fig. 4 , where it can be observed that in the IHF-deficient background, the expression from the put promoters was similar to that from these promoters in the wild-type background. However, in the 54 -deficient background, there was no expression in the presence of proline.
Cases et al. (6) recently reported that in P. putida KT2440, the pts genes lie downstream of rpoN. The pts genes are part of an operon with rpoN. Their study has suggested a regulatory role for these genes in processes related to the use of different C sources by P. putida. Since the 54 -deficient P. putida strain carries a Tn5 insertion within the rpoN gene and because the insertion exerted a polar effect on downstream genes, we examined expression from the put promoters in P. putida MAD2 (Table 1) which is 54 proficient and Pts deficient (Fig. 4) . We have found that in the MAD2 strain, the pattern of expression from the put promoters in the presence of proline was similar to that found in the wild-type strain. This result leads to the suggestion that the lack of expression of the put promoters in the P. putida rpoN mutant is due to the lack of 54 rather than to other proteins of the rpoN-pts operon.
The 54 promoter recognition sequence includes short ele- FIG. 2 . Expression of the putA and putP genes of P. putida KT2440 under different growth conditions. mRNA was prepared as described previously (20) . Cells were grown in different media as follows. Lane 1, M8 minimal medium with 20 mM proline; lane 2, M9 minimal medium with 20 mM proline; lane 3, M9 with 20 mM proline and succinate; lane 4, M9 with succinate. Primer extension analysis was done as described in Materials and Methods with a primer complementary to putA or putP mRNA. FIG. 3 . Expression from the putA and putP promoters in P. putida KT2442, the PutA-deficient derivative S14D2, and the PutA Glu8963Lys mutant. Cells were grown in the absence (Ϫ) or presence (ϩ) of proline. The strains were P. putida KT2442 (lanes 1 and 2) , P. putida S14D2 (lanes 3 and 4), and P. putida KT2442-Pro21 (lanes 5 and 6). Other conditions are as described in the legend for Fig. 2 . ments at nucleotides Ϫ12 (GC) and Ϫ24 (GC) with extensive conservation between the two (5, 33) . Such 54 promoter sequences have not been found upstream from the transcription initiation start points of the put genes in Pseudomonas. Therefore, we ascribed the lack of expression from the put promoters to the lack of a regulator involved in the control of the put promoters whose expression is 54 dependent. In Klebsiella aerogenes, the Nac protein is involved in control of a number of promoters subject to nitrogen regulation (hutUH, gdh, putA, and ureA) whose transcription is mediated by RNA polymerase with 70 . No expression from these promoters occurred in a 54 -deficient background. The reason for this is that the nac system is under the control of the ntr system and the nac gene expression is dependent on 54 (3, 18, 24) . Therefore, Nac represents a form of nitrogen regulation that is not independent of the Ntr system in enterobacteria. To date, neither the nac nor the ntr system has been reported in P. putida. As a hypothesis, we propose a model for proline utilization in Pseudomonas in which an analog of NtrC activates 54 -dependent expression of an analog of Nac. The Nac protein, thus produced, displaces PutA from the put promoter and allows 70 -dependent expression of put genes. We propose that the main role of this Nac-like activator in Pseudomonas is to overcome PutA repression, since in a PutA-deficient background, expression from put is proline independent.
